Introduction ␥ subunit dimer (␣␤␥ 2) (Blank et al., 1989). However, the human ␣ subunit was later found to express as an ␣␥2 The prevailing view of the pathophysiology of atopic complex in transfectants (Miller et al., 1989) , and ␣␥ 2 disease (reviewed by de Vries et al., 1991; Geha, 1992) complexes were subsequently shown to exist naturally presumes that B cells of atopic patients produce immuin humans on cells such as monocytes, which lack ␤ noglobulin E (IgE) directed against specific antigens (alchain expression (Maurer et al., 1994) . The ability of lergens), a process under the control of interleukin-4 human ␣ to express in ␣␥ 2 complexes has the additional (IL-4). Once produced, allergen-specific IgE binds implication that ␣␥ 2 and ␣␤␥ 2 complexes may both be through its Fc portion to the high affinity IgE receptor expressed on cells that do express ␤. Since the relative (Fc⑀RI) present on mast cells, basophils, and various proportion of these complexes may vary between indiother cells (Gounni et al., 1994; Maurer et al., 1994;  viduals, how an individual responds to an immunologic Wang et al., 1992) . Contact between these cells and the reaction mediated by Fc⑀RI may depend on the relative corresponding allergen induces the clustering of Fc⑀RI, signaling capabilities of ␣␥ 2 and ␣␤␥2 receptors. While a step required to induce cell activation. In the case of current literature suggests that ␣␥ 2 and ␣␤␥ 2 receptors mast cells and basophils, the activation process results both have the ability to activate hematopoietic cells in the release of histamine, leukotrienes, and other sub-(Alber et al., 1991), their relative capabilities have not stances that contribute to the characteristic symptoms been characterized in detail. of type I allergic reactions such as pruritis, edema, inAn understanding of the function of the Fc⑀RI␤ chain creased mucus production, and bronchoconstriction. In is an obvious prerequisite for any analysis of how Fc⑀RI␤ addition, these cells produce an array of proinflammapolymorphisms might contribute to the development of tory cytokines, resulting in the recruitment and activaatopic disease. Fc⑀RI␤ is unique among known antigen tion of circulating leukocytes to the area of the initial receptor subunits in that it spans the plasma membrane reaction, and in an enhancement of the initial inflammafour times and, therefore, has both amino-terminal and tory response (Galli, 1993; Gordon and Galli, 1991).
carboxy-terminal tails protruding into the cytoplasm Therefore, Fc⑀RI is a critical component of the effector (Kuster et al., 1992). The amino-terminal tail is notable arm of the allergic response, and may additionally particfor containing a number of proline residues but has no ipate in the maintenance of allergen-specific IgE proascribed function. The carboxy-terminal tail contains a duction by providing positive feedback in the form of sequence similar to those that have been implicated in mast cell-or basophil-generated cytokines such as antigen receptor-mediated cell activation and has been IL-4 (Burd et al., 1989; Gauchat et al., 1993; Plaut et al., designated the immunoreceptor tyrosine-based activa-1989; Schroeder et al., 1994) . tor motif (ITAM) (Cambier, 1995; Reth, 1989) . However, the Fc⑀RI␤ ITAM has a slightly shorter spacing between The factors that determine why the response of a hematopoietic cell line. We therefore performed func- Figure 1A , top two panels). complexes and of a variety of Fc⑀RI mutants, using a previously described reconstitution system (ScharenRelative levels of surface receptor expression of the ␣␤␥ 2 and ␣␥ 2 cell lines were further evaluated by an IgE berg et al., 1995). The results from this approach demonstrate that ␤ functions as an amplifier of ␥-mediated binding assay (3.0 ϫ 10 5 receptors/cell for ␣␤␥2, and 2.1 ϫ 10 5 for ␣␥2). These data show that both cell lines activation of the Syk tyrosine kinase. Molecular analysis of the ␤ amplification mechanism suggests that it inhave surface receptor expression comparable to that seen in cultured mast cell lines used to study IgE recepvolves both ␤ cytoplasmic tails and that it is mediated through a distinct sequence of interactions between ␤ tor signaling. We used these cell lines to compare directly the capaand Lyn. The ability of ␤ to amplify Syk activation transduced through ␥ suggested that human ␣␥ 2 and ␣␤␥ 2 bility of ␣␥ 2 and ␣␤␥ 2 complexes to induce Lyn-dependent phosphorylation of ␥ upon receptor clustering with receptors would have substantially different signaling characteristics in terms of their abilities to activate antigen ( Figure 1B) . In this experiment, the ␣␤␥ 2 and ␣␥ 2 NIH 3T3 cell lines were first incubated with IgE. Since the downstream effectors when placed in the context of a ylated by Lyn as efficently as that in ␣␤␥ 2 cells after triggering ( Figure 3B, compare lanes 2 and 4) , demonthe ␥ phosphorylation was detectable in ␣␤CT␥2 recepstrating that ␥ does not regulate ␤ tyrosine phosphorylators with a very long exposure (data not shown). These tion. Substantially reduced ␥ chain tyrosine phosphoryresults demonstrate that the NH 2 tail has some involvelation is observed in ␣␤ YM ␥ 2 cells ( Figure 3B , lanes 5 and ment in generating phosphorylation of the ␤ ITAM and 6, top panel). Together, these two results provide strong that both the NH 2 and COOH tails participate in ␤-medisupport for the idea that the phosphorylated ␤ ITAM is ated enhancement of ␥ tyrosine phosphorylation in ␣␤␥ 2 critical for ␤-mediated enhancement of Lyn-dependent receptors.
␥ ITAM phosphorylation.
␤ ITAM Tyrosine Phosphorylation Regulates
The above experiment demonstrates that Lyn-depen-␥ Tyrosine Phosphorylation dent ␥ tyrosine phosphorylation is mediated largely, if The effect of the ␤ NH 2 tail truncation on ␤ ITAM phosnot entirely, through a mechanism involving an interacphorylation together with previous results from our labotion between Lyn and the phosphorylated ␤ ITAM, conratory that implicate the ␤ ITAM in the generation of sistent with the sequential interaction mechanism pro-␥ phosphorylation suggested that the ␤ amplification posed above. As a further test of this mechanism, we mechanism might be the result of sequential interactions compared antigen-induced Lyn-dependent ␥ tyrosine between Lyn and ␤ (Jouvin et al., 1994 ). In such a mechaphosphorylation between ␣␤␥ 2 , ␣␤ NT ␥ 2 , and ␣␤ CT ␥ 2 renism, a basal interaction between Lyn and ␤ (presumably ceptors. Since there is still detectable ␤ ITAM phosphorsomehow stabilized by the NH 2 tail) would be responsiylation in ␣␤ NT␥2 receptors, these receptors would be ble for the phosphorylation of the ␤ ITAM, with ␤ ITAM expected to produce a higher level of Fc⑀RI␥ tyrosine phosphorylation serving to recruit or activate Lyn to phosphorylation than ␣␤ CT␥2 receptors if the sequential generate ␥ tyrosine phosphorylation. Therefore, to anainteraction mechanism as conceived above was oplyze further the mechanism through which ␤ was acting erating. Because of the varying receptor stabilities in to enhance Lyn-dependent ␥ tyrosine phosphorylation, Triton X-100 cell lysates, this experiment was performed we produced transfectants bearing receptors with ␥ using the 10 mM CHAPS lysis buffer for cell lysis, fol-ITAM tyrosine mutations (␣␤␥ YM2 cells), ␤ ITAM mutations lowed by anti-IgE immunoprecipitation and antiphos-(␣␤YM␥2), or both types of mutations (␣␤YM␥YM2 cells) (see photyrosine blotting ( Figure 4A, top panel) . Note that a Table 1 ). The FACS analysis of these cell lines is shown very long exposure of the membrane was necessary to in Figure 3A .
visualize the ␥ phosphorylation that is induced in ␣␤ The advantages of the reconstitution system used above ␥ tyrosine phosphorylation should affect the strength of are to provide unlimited control over the structures of Syk activation in proportion to their effect on ␥ tyrosine the receptor subunits and Lyn and Syk tyrosine kinases, phosphorylation; and second, mutations of the ␥ ITAM and, therefore, to permit reconstitution and detailed motyrosines should eliminate the ability of the receptor to lecular analysis of interactions between known moleactivate Syk, since this would result in inactivation of cules. However, there is the possibility that the reconthe receptor module responsible for sending the cell stitution system might overlook potentially major activation signal.
influences of other hematopoietic specific molecules, We first compared the Syk tyrosine phosphorylation such as hematopietic specific phosphatases. In addiand activation in the ␣␤ NT ␥ 2 and ␣␤ CT ␥ 2 cell lines with tion, this system lacks a downstream readout, which those that occur in the ␣␤␥ 2 cell line. All three cell lines could be used to determine whether ␤-amplified Syk were coinfected with Lyn and Syk recombinant vaccinia activation would translate into physiologically relevant virus, followed by anti-Syk immunoprecipitation and imenhancements of other cell activation events. Because munoblotting with antiphosphotyrosine and in vitro ki-␣␥ 2 and ␣␤␥ 2 receptors are known to exist naturally in nase assay ( Figure 5A , top and middle panels). As exhumans (Maurer et al., 1994), we were particularly interpected, no basal Syk tyrosine phosphorylation was ested in comparing their signaling characteristics in a present ( Figure 5A, lanes 1, 3, and 5 ). There was clustersystem that was entirely human. Therefore, we chose ing-dependent Syk tyrosine phosphorylation and autoto use the Fc⑀RI negative human monocytic cell line phosphorylation activity in all cell lines, but at reduced U937 to generate sublines expressing human ␣␥2 or ␣␤␥2 levels in the Fc⑀RI complexes that contain either ␤ truncomplexes for more extensive functional comparisons. cation mutant as compared with Fc⑀RI complexes that Two clones of each type were chosen (␣␥-1 and ␣␥-10, contain a wild-type ␤ chain ( Figure 5A, lanes 2, 4, and 6) .
␣␤␥ (D) ␤ amplifies calcium mobilization in human Fc⑀RI-expressing U937 cells. Calcium mobilization in ␣␥ 2 -and ␣␤␥ 2 -expressing U937 cells was assessed by fluorescence in a spectrofluorimeter using the Fura 2 indicator. Cells (2.5 ϫ 10 6 /ml) were sensitized with 5 g/ml biotinylated human IgE for 10 min and stimulated with 25 g/ml steptavidin at time 0. generated upon triggering in ␣␥2 cells. Identical lysates complexes that contain ␤ is likely to be an important determinant of the amplitude of an IgE/Fc⑀RI-mediated were analyzed by anti-Syk immunoprecipitation followed by antiphosphotyrosine immunoblotting or in vitro immunologic response. In addition to demonstrating the function of ␤ as a kinase assay ( Figure 6C ). The abilities of these clones to initiate tyrosine phosphorylation/activation of Syk signal amplifier, our results provide a rough picture of the mechanism through which its signal amplification correspond to the level of ␥ tyrosine phosphorylation. Remarkably, the correlation between ␥ tyrosine phoseffect is generated. While we cannot exclude unpredictable effects on receptor tertiary or quaternary structure, phorylation and Syk tyrosine phosphorylation is identical to that seen in the fibroblast reconstitution system, the effects of the NH 2 and COOH cytoplasmic tail truncations suggest that ␤ amplification is the result of a sewith tyrosine phosphorylation of Syk in ␣␤␥-8 cells typically about 20 times greater than that in ␣␥-1 cells, and quence of interactions between Lyn and ␤: Lyn first interacts with ␤ at or near the NH 2 tail to induce ␤ ITAM the autophosphorylation activity of Syk typically about 5 times greater (as assessed by densitometry scanning).
phosphorylation, then directly interacts with the phosphorylated ␤ ITAM to induce ␥ tyrosine phosphorylation. These results, therefore, confirm in a completely separate system that ␤ functions as a signal amplifier, and, Since the ␤ NH2 tail has numerous proline residues (although no consensus SH3 binding site), it was reasonremarkably, give a nearly identical value for the gain provided by the presence of ␤ (5 here as compared with able to consider that the Lyn SH3 domain might participate in the initial Lyn-␤ interaction ( ␥. The ␤ ITAM had essentially no Syk activation capabilis termed the "gain" of the amplifier. The experimental ity in the context of an ␣␤␥2 Fc⑀RI, even when fully results described above provide a clear demonstration phosphorylated, but had dramatic effects on ␥ phosthat ␤ meets the conceptual definition of an amplifier in phorylation. In contrast, the ␥ ITAM had Syk activation terms of its effects on Syk activation/calcium mobilizacapabilities even when its phosphorylation level was tion: it has little or no autonomous ability to generate a extremely low, as in the context of ␣␤YM␥2 or ␣␥2 recepsignal in response to receptor cross-linking but provides tors, but had no apparent ability to regulate ␤ ITAM a proportional increase in the strength of the signal that phosphorylation. Therefore, while ITAMs are currently is mediated through the ␥ dimer. In addition, these exwidely conceived of as parallel independent signalperiments provide independent estimates that place the transducing modules (Weiss, 1993 
